The aerobic capacity of 268 subjects (158 males and 110 females) was evaluated in La Paz, Bolivia situated at 3,750 m. The sample included 1) 39 high altitude rural natives (all male); 2) 67 high altitude urban natives (32 male, 35 female); 3) 69 Bolivians of foreign ancestry acclimatized to high altitude since birth (37 male, 32 female); 4) 50 Bolivians of foreign ancestry acclimatized to high altitude during growth (25 male, 25 female); and 5) 43 non-Bolivians of either European or North American ancestry acclimatized to high altitude during adulthood (25 male, 18 female). Data analyses indicate that 1) high altitude urban natives, acclimatized to high altitude since birth or during growth, attained higher aerobic capacity than subjects acclimatized to high altitude during adulthood; 2) age at arrival to high altitude is inversely related to maximum oxygen consumption (00, max) expressed in terms Umin or ml/min/kg of lean body mass, but not in terms of ml/min/kg of body weight; 3) among subjects acclimatized to high altitude during growth, approximately 25% of the variability in aerobic capacity can be explained by developmental factors; 4) as inferred from evaluations of skin color reflectance and sibling similarities, approximately 20 to 25% of the variability in aerobic capacity at high altitude can be explained by genetic factors; 5) except among the non-Bolivians acclimatized to high altitude during adulthood, the aerobic capacity of individuals with high occupational activity level is equal to the aerobic capacity of high altitude rural natives; and 6) the relationship between occupational activity level and aerobic capacity is much greater among subjects acclimatized to high altitude before the age of 10 years than afterwards. Together these data suggest that the attainment of normal aerobic capacity at high altitude is related to both developmental acclimatization and genetic factors but its expression is highly mediated by environmental factors, such as occupational activity level and body COmpOSitiOn. 0 1995 Wiley-Liss, Inc.
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In general, work capacity (or aerobic capacity) is defined as the maximum oxygen intake per unit of body weight during maxitransport and deliver oxygen to the tissues. Sea level natives sojourning at high altitude mal work. & such, it measures the capacity Of the working to use oxygen, and exhibit a marked reduction in maximal aerobic capacity (VOz rnax), while high altitude natives generally have VOz max levels equivalent to those of sea level individuals (Baker, 1976; Buskirk, 1976; Elsner et al., 1964; Frisancho et al., 1973; Grover et al., 1967; Kollias et al., 1968; Lahiri et al., 1967; Mazess, 1969; Velasquez, 1966 Velasquez, , 1970 Velasquez and Reynafarje, 1966; Way, 1976) . An enduring question is the extent to which this characteristic reflects differences in acclimatization based on genetic differences, or simply reflects population differences in adaptation based on environmental factors. In other words, the extent to which this characteristic is acquired or genetic is not well defined. In a previous study we advanced the hypothesis that the relatively high VO, max of the high altitude native is the result of a developmental adaptation to high altitude hypoxia (Frisancho, 1975) . This hypothesis was based on the finding that Peruvian sea level subjects raised at high altitude since childhood attained VO, rnax similar to high altitude natives, but Peruvian and US sea level adult natives who resided at high altitude for as long as 2 years attained lower 00, rnax levels than high altitude natives. Due to the fact that there has been a great deal of admixture among Peruvian populations, it is possible that the similarity between sea-level Peruvians raised (during childhood) at high altitude and high altitude natives may be due to their genetic similarities rather than reflecting a developmental factor. For this reason we studied the bioenergetics during maximal exercise of foreigners (Europeans and North Americans) acclimatized to high altitude during adulthood, Bolivians of foreign ancestry acclimatized to high altitude either since birth or during growth, and high altitude natives living in the rural and urban areas of La Paz, Bolivia.
MATERIALS AND METHODS Subjects
The sample consisted of 268 subjects (158 male, 110 female) studied in the city of La Paz, Bolivia, situated at 3,712 m above sealevel. The age of the subjects ranged from 13 to 49 years and included the following. 
Measurements of body size
and composition The subjects were evaluated through standard anthropometric techniques that included measurements of stature, weight, and skinfold thickness at the triceps, sub scapula, supra iliac, and median calf. Body mass index ( W e i g h t squared) and sum of skinfold thicknesses (sum of triceps, subscapular, supra iliac, and calf skinfolds) were obtained by computation.
Estimates of body composition
Measurements of whole body resistance were obtained with a bioelectrical impedance analyzer (model 1990B; Valhalla, Scientific, San Diego, CA). Subjects assumed a supine position with arms and feet spread and shoes and socks were removed. The detecting electrodes were placed on the dorsal aspect of the right wrist midway between the radial and lunar processes, and the anterior aspect of the right ankle midway between the tibia and fibia's malleoli. Total body resistance (R) was recorded to the nearest ohm (a). The equation of Kushner et al. (1992) was used to estimate total body water. Based on this information the following values were calculated. total body weight (kg)) * 100.
Skin color reflectance
Measurements of skin reflectance were made with a Photovolt Reflectometer, model 575. Reflectance readings were made following the same procedures used in our previous study (Frisancho et al., 1981) . This included measurements with two filters identified as triamber and trigreen. These filters have transmission peaks of approximately 600 nm (triamber) and 550 nm (trigreen) (Conway and Baker, 1972; Frisancho et al., 1981) . At least two readings at the inner arm distal to the axillary region were obtained on each participant. Reflectance readings given by both filters were averaged for each subject and these were used in the present analysis.
Exercise test
The exercise tests were conducted in the bioenergetics laboratory of the Instituto Boliviano de Biologia de Altura (IBBA) in La Paz (3,750 m). The environmental parameters (mean k SD) were 500 5 0.9 mmHg for barometric pressure and 16.5 ? 1.5 "C for ambient room temperature. Exercise tests were conducted on a Monark cycle ergometer. Pedaling frequency was maintained at 70 rpm. Heart rate (HR) and arterial oxygen (SA02) were monitored continuously using a Polar heart rate monitor (Polar Vantage XL) and an ear oximeter (Ohmeda 310) throughout the test. Samples of expired air were collected in Douglas bags and measured for volume with a Tissot spirometer. Temperature and pressure were used to correct gas volumes BTPS (body temperature, ambient pressure) and STPD (standard temperature and pressure, dry). The fractions of O2 and CO, in the expired air were determined with a Servomex 570A and a Capnograph Gould Mark 111. Pulmonary ventilation (VE), respiratory exchange ratio (RQ = VCO,NO, m C 0 2 is COP output and VO, is 0, uptake], and the ventilation equivalents for 0, (VE/ VO,) were calculated for each expired air collection sample.
Subjects were measured at rest for 4 min while sitting on the bicycle ergometer. Subjects then performed a warm-up exercise for 4 min, or until the heart rate reached 150 bwitdminute, while the resistance of the bicycle pedal was maintained at moderate work load of 0.50-1.50 kg/min. At the completion of the warm-up period the workloads were increased in successive 1.5 min steps of 1 and 2 kg/rnin until exhaustion, depending on the subject's ability. The last 30-second samples of expired air were collected for determination of VO, and VCO,. Throughout the test the rate of oxygen consumption increased linearly with the magnitude of work, and as the exercising subject approached the point of exhaustion or fatigue, hidher oxygen consumption reached a maximum and remained at that level even with further increase in work.
Estimates of occupational activity level
The subjects were asked about their participation in organized sports (i.e., soccer, basketball, swimming, bicycling, tennis, and hiking). Each participant was specifically asked how many times per week helshe participated in an organized athletic activity. Based on this information, the subjects were classified into three groups. Low level: sedentary individuals who did not regularly practice any sport (although some subjects were occasionally involved in organized activities such as dance groups). Medium leuel: individuals who participated in organized sports on a given school or college team, but such activity took place less than 3 times per week. High leuel: individuals whose employment was characterized by a high level of daily activity (e.g., agricultural workers), or subjects who were members of organized sports teams at school or college and the activity occurred more than 3 times per week (e.g., basketball, swimming, and soccer team members).
Statistical analysis
The data were analyzed using parametric and non-parametric statistical tests. The variables that were not normally distributed were converted to z-scores (normalized) or logarithmic transformations in order to determine the statistical significance of the observed differences and inter-relationships. In addition, the data were evaluated using step-wise multiple regressior analysis whereby the most important variables that influenced variability in aerobic capacity were selected from several independent variables.
RESULTS

Physical characteristics
As shown in Table 1 , the high altitude urban natives and the Bolivians of foreign ancestry acclimatized to high altitude since birth o r during growth were significantly younger than both the high altitude rural natives and the non-Bolivians acclimatized to high altitude during adulthood. In terms of body size and composition, the high altitude rural subjects were significantly shorter, leaner (indicated by lesser skinfold thicknesses and percent body fat), and darker (i.e., lower mean skin reflectance values) than the other four groups. However, the subjects acclimatized to high altitude since birth or during growth and accli- matized to high altitude during adulthood were very similar in skin color. Among females, both the high altitude urban natives and those acclimatized to high altitude since birth were significantly shorter than their counterparts acclimatized to high altitude during growth or during adulthood. On the other hand, there were no differences in body fat among females in all groups. In contrast, the female subjects acclimatized to high altitude since birth or during growth and those acclimatized during adulthood had similar skin reflectance values, but all three groups were significantly lighter than the high altitude urban natives. ** Sienificantlv (P < 0.051 different from hieh altitude urban natives (HAUN) *** Signifieanily (P < 0 01) different fmm h;gh altitude urban natives (HAUN) tized to high altitude during adulthood was significantly lower than that of the high altitude rural natives. The heart rate among the high altitude rural natives was significantly lower than that of the high altitude urban natives acclimatized to high altitude since birth or during growth, but was similar to that of the group which was acclimatized to high altitude during adulthood. The mean pulmonary ventilation for those acclimatized to high altitude during adulthood was significantly higher than those of the high altitude rural natives; however, the subjects acclimatized to high altitude since birth or during growth had similar values. The Bolivians of foreign ancestry acclimatized to high altitude since birth or during growth and the high altitude urban natives attained lower aerobic capacity (40-43 mV midkg) than the high altitude rural natives (48 mVmin/kg). On the other hand, subjects acclimatized to high altitude since birth or during growth and high altitude urban samples had significantly higher aerobic capacity (40-43 mVmin/kg) than those acclimatized to high altitude during adulthood (37 mVmidkg). These group similarities and differences did not change when the maximum oxygen consumption was related to lean body mass. The fact that in all the samples the RQ was >1 suggests that the subjects did reach maximum exertion.
Bioenergetics
Among females the arterial oxygen saturation (%) and heart rate of the non-Bolivians acclimatized to high altitude during adulthood was significantly lower than those of the high altitude urban natives. Similarly, Bolivians of foreign ancestry acclimatized to high altitude during birth or during growth and high altitude urban natives attained higher aerobic capacity than non-Bolivians acclimatized to high altitude during adulthood. The ventilation equivalent of the non-Bolivians acclimatized to high altitude during adulthood was significantly higher than the other three samples.
As with the males, all four female groups exhibited an RQ >1 which suggests that the subjects did reach maximum exertion.
DISCUSSION
The higher oxygen consumption observed among the high altitude rural natives agrees with previous studies conducted among rural high altitude samples (Baker, 1976; Buskirk, 1976; Greksa et al., 1984; Kollias et al., 1968; Lahiri et al., 1967; Mazess, 1969; Sun et al., 1990; Way, 1976) . Similarly, the V0,max observed among the high altitude rural natives and those acclimatized to high altitude since birth or during growth is comparable to that found among urban samples studied a t high altitude (Coudert, 1993; Fellman, 1986; Frisancho et al., 1973; Greksa and Haas, 1982; Greksa et al., 1981; 1985; Mazess, 1969) . The fact that the Bolivians of foreign ancestry acclimatized to high altitude since birth or during growth attained comparable values to those of the high altitude urban natives suggests that the attainment of normal aerobic capacity at high altitude is related to developmental acclimatization.
Aerobic capacity and developmental response
It is usually assumed that the expression of V02max in terms of ml/min per kg of body weight is a good indicator of aerobic work capacity. In general, however, one would expect that among samples where there is large variability in body composition, maximum oxygen consumption expressed as ml/ midkg is not an adequate indicator of aerobic capacity. Analysis of the relationship of body composition and aerobic capacity indicated that the latter is negatively influenced by body fat within each sample. Table 3 presents the average correlations for all samples. These data show that aerobic capacity, expressed as Llmin or as ml/min/kg of lean body mass, is a better index for aerobic capacity than ml/min/kg of total body weight. Therefore, V02max, expressed in terms of ml/min/kg of lean body mass, is a better indicator of aerobic capacity than V02 max expressed as ml/min/kg of total body weight.
As illustrated in Figure 1 , among Bolivians of foreign ancestry acclimatized to high altitude during development, about 25% of the variability in aerobic capacity can be explained by age at arrival to high altitude. It should be noted that age at migration was not correlated with chronological age (r = 0.14). This finding is in agreement with a previous study conducted among sea-level Peruvian college students raised at high altitude (Frisancho et al., 1975) . However, this outcome differs from the results of Greksa and Haas (1982) who studied US. children raised in La Paz, Bolivia. In this study it should be noted that the relationship of age at migration to high altitude and aerobic capacity was evaluated with reference to oxygen consumption per ml per min per kilogram of total body weight and work output, indices which are highly influenced by body composition and training. The results of the present study also disagree with the findings of Sun et al. (1990) who conducted comparative studies of Tibetan natives and Han Chinese who were lifelong sea-level residents residing at high altitude. In this study the aerobic capacity (maximum oxygen intake) of high altitude native Tibetans was higher than the Han Chinese who were born at sea-level and acclimatized to high altitude after the age of 8 years (Sun et al., 1990) . However, this research included a higher proportion of Han smokers (45%) than Tibetan smokers (38%). Studies conducted in La Paz, Bolivia, indicate that the negative effects of smoking on aerobic capacity are greater at high altitude than at sea level (Spielvogel et al., 1988) . Therefore, the lower aerobic capacity of the Han probably reflects the negative effects of smoking rather than differences in the process of acclimatization to high altitude. In other words, if the comparison had either excluded all smokers or balanced the samples by having the same proportion of smokers in the Tibetan and Han samples, the sea-level Han would have attained a similar aerobic capacity as the high-altitude Tibetan natives. This result would have suggested a developmental role in the attainment of full functional adaptation to high altitude.
Aerobic capacity and genetics
Skin reflectance
Previous studies have demonstrated that skin color, as measured by skin reflectance, is under genetic control (Harrison, 1961) . It has been shown that variability in skin color reflectance is the result of the additive effects of 3-5 loci (Byard, 1981) and that 50 to 70% of the variability in skin reflectance is due to a heritable additive genetic component (Frisancho et al., 1981; Post and Rao, 1977) . Based on this information Greksa (1992) has used measurements of skin reflectance to evaluate the role of genetic factors in the acquisition of lung volumes of high altitude subjects. As such, skin reflectance can be used as a proximate marker of genetic differences.
As shown in Table 4 in both the high altitude rural and urban natives, 15 to 25% of the variability in aerobic capacity is influenced by genetic factors associated with skin color reflectance (Fig. 2) . On the other hand, skin color reflectance does not seem to influence the aerobic capacity of Bolivians of for- eign ancestry acclimatized to high altitude since birth, during growth, or during adulthood. Since genetic factors do influence the attainment of aerobic capacity at sea level (Klissouras et al., 1973) , the lack of association between skin reflectance and aerobic capacity is probably related to the fact that the Bolivians of foreign ancestry were selected specifically so as not to include subjects with indigenous admixture.
Sibling similarities
Twin studies at sea level indicate that aerobic capacity is under strong genetic control (Klissouras et al., 1973) . As shown in Table 5 , among the subjects acclimatized to high altitude either since birth or during growth, the sibling correlation coefficients for aerobic capacity are significant. Although it is not statistically significant 
within the high altitude urban natives there is a positive relationship in the aerobic capacity of siblings. These data suggest that in general 13 to 25% of the variability in aerobic capacity at high altitude can be explained by genetic factors shared by siblings. This lower correlation can be explained by the fact that the data are based on few number of siblings and not twins. Tables 6 and 7 compare aerobic capacity by occupational activity level for males and females. These data show that in both males and females there is a direct relationship between occupational activity level and aerobic capacity so that the higher the occupational activity level, the higher the aerobic capacity. Comparing these data with the results presented in that are similar to the average aerobic capacity of the high altitude rural native samples. These findings suggest that observed differences in aerobic capacity between either the high altitude urban natives or the Bolivians of foreign ancestry acclimatized to high altitude since birth or during growth are related to differences in occupational activity level. In contrast, the non-Bolivians acclimatized to high altitude during adulthood exhibiting a high occupational activity level attained a significantly lower aerobic capacity than the high altitude urban natives (presented in Table 2 ). Similarly, in both males and females at the same occupational activity level, the Bolivians acclimatized to high altitude during adulthood attained significantly lower aerobic capacity values than the high altitude urban natives or those acclimatized to high altitude since birth or during growth. These findings indicate high activity among individuals acclimatized to high altitude during adulthood is not sufficient to equal the adaptation acquired during growth. Developmental response and occupational activity Table 8 presents the aerobic capacity of Bolivians to foreign ancestry acclimatized to high altitude before the age of 9 years versus those who were acclimatized after the age of 10 years from the same (high) occupational activity level. These data show that the individuals who maintained a high occupational activity level had a higher aerobic capacity if they were acclimatized to high altitude before the age of 9 years than if they had been acclimatized after the age of 10. In other words, the effects of maintaining a high activity level on the attainment of high aerobic capacity is mediated by age at arrival to high altitude.
Aerobic capacity and occupational activity
OVERVIEW
As shown in Table 9 , the most important determinants of aerobic capacity at high altitude include acclimatization status, developmental status indicated by age at arrival to high altitude, ethnicity as measured by skin reflectance, activity level, and amount of body fat. These findings together suggest that attainment of aerobic capacity at high altitude is related to developmental acclimatization and genetic factors, but its expression is strongly mediated by environmental factors, such as occupational activity level and amount of body fat. As summarized in Figure 3 , about 20 to 25% of the variability in maximum oxygen consumption expressed as ml/min/kg of lean body mass is related to Fig. 3 . Estimates of the components of variability in aerobic capacity a t high altitude. differential hypobaric exposure during development and about 20 to 30% is related to genetic factors. The rest of the variability in aerobic capacity is explained by environmental factors associated with variability in body composition and occupational activity level.
ACKNOWLEDGMENTS
This study was supported in part by NSF grant BNS9107236.
This study could not have been conducted without the enthusiastic cooperation of the volunteer subjects. We wish to thank the following laboratory assistants: Esperenza Caceres, Anna Maria Alarcon, and Cristina Biologia de Altura. We also thank Deborah Schechter for her editorial and overall assistance.
